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TECHNICAL REPORT SUMMARY

Laser-induced damage to initially transparent materials represents
a serious limitation to the design and operation of high power lasers. In
order to assess these limitaiions and to provide standards for material
performance, it is necessary to obtain reliable measurements of damage
intensities. The primary goal of the preseat program is to measure
damage intensities in various transparent solids and to interpret these
results ir terms of possible damage mechanisms. Using techniques which
we developed in earlier work, we have been able to isolate and to study the
intrinsic damage process of electron avalanche breakdown. Such work
establishes measured upper limits for the propagation of high intensity
light in solids and indicates how these intrinsic limits change with laser
pulse and material characteristics. We have, in addition, observed
damage from small ahsorbing inclusions and have begun to develop tech-
niques which can b applied to optical materials evaluation. As part of
the present effort, a CO2 TEA laser was designed and constructed as a
TEM00 mode, 10.6 pm source for optical damage.

A study of intrinsic damage in polycrystalline and disordered ma-
terials has been completed and interpreted in terms of electron avalanche
breakdown. By comparing the optical bulk damage fields for a polycrystal,
various single-crystal alloys, and two glassy solids to the damage fields
for the.respective pure single crystals, it was found that only severe lat-
tice disorder such as present in completely amorphous fused quartz causes
the damage fields to increase. For the polycrystal and the less disordered
systems, the damage fields are the same as those of the pure single crystal.
It was found, in addition, that high concentrations of certain types of atomic

impurities have no measurable effect on intrinsic damage levels.

Meas' ~ements have been made of the pulse width independence of
intrinsic damage in NaCl at 1.06 um. It was found that the intrinsic
damage field increased by nearly an order of magnitude to over 107
volts/cm as the laser pulse duration was decreased from 10 ns to 15 ps.
These results, interpreted in terms of electron avalanche breakdown,

are the first measurements of intrinsic damage induced by mode-locked

laser pulses.

Preceding page blank v
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Optical damage to dielectric coatings was studied with weakly
focused ruby laser pulses having durations between 20 ns and 20 pS.
Under these conditions of measurement, damage was found to result
from highly absorbing inclusions. Inclusions with diameters 4 3.5 upm
were most easily damaged with 20 ns pulses while inclusions with

< . 2
diameters ~ 0.4 um determined damage resistance to 20 ps pulses.

Bulk optical damage from inclusions was observed in measure-
ments at 10.6 um on chemical vapor deposition grown ZnSe. The in-
clusion damage intensity was observed to be statistical in nature and,
as found recently in studies of thin film damage, varied with the degree
of external focusing. A statistical model of inclusion damage was used
in the present work to explain these observations and to calculate, from
the experimental data, an average inclusion density. The intrinsic

damage intensity for ZnSe was also determined.

Finally, a classical model of electron avalanche breakdown was
used to interpret recent experimental data on intrinsic laser damage.
The model, based on a Fokker-Planck equation formula, was used to
show the relationship between dc and laser-induced damage.

The present work on intrinsic damage has extended over knowledge
of electron avalanche breakdown. It may now be possible to refine our

models of this damage process in order to enable us to accurately predict

the effects of material parameters on intrinsic damage fields at red and
near infrared frequencies. Damage measurements should be extended
to higher optical frequencies in order to determine if damage from elec-
tron avalanche breakdown still dominates as material bandgaps are ap-
proached.

Our studies of inclusion and self-focusing damage can serve as a
model for future materials evaluation. Since inclusions and self-focusing
normally limit the intensity of light that materials can withstand, such
evaluation is essential for the development of damage-resistant optics

and for the design of damage-resistent systems.
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FOREWORD

This scientific report describes work performed under Contract
No. F 19628-73-C-0127 hetween 1 January 19273 and 31 December 1973.
The report was assigned a Raytheon internal number S-1660.

Work was carried out at the Raytheon Research Division in Waltham,
Massachusetts. The Principal Investigator until June 30, 1973 was
Dr. Michael Bass. After that date Dr. David Fradin became Principal
Investigator. Additional experiments were performed at the Naval Reszarch
Laboratories, Washington, D.C., in collaboration with Dr. J. P. Letellier,
and at the Air Force Cambridge Research Laboratories, Bedford, Mass.,
in collaboration with Dr. David Milam and R. A. Bradbury. This technical
report was prepared under the direction of Dr. Fradin in collaboration with
D. P. Bua. The authors have benefitted from the manry discussions with
Keimpe Andringa, Dr. Frank A. Horrigan, Dr. Thomas Deutsch and
Dr. Robert Rudko. Miss Carol Christian assisted in the studies of Sec. VII
and VIII. Dr. A. Linz generously provided several of the sample used in the
damage study of disorder materials and J. VanderSande cnnducted electron

reflection diffraction measurements for that study.

This report was submitted by the authors on 31 January 1974.




TABLE OF CONTENTS

Page
ABFTRACT sospcvvninsivposns CREIEE 5 %403 95 PeDODE OB TB.0 606 iii
TECHNICAL REPORT BUMMARY «ooivvvvitoninncsaaans sap v
PR WURE 556 5096605653606 raddnaos o9 580006 s 6okl as s vii
LIET OF B LUSTRATIONE ... i0coiaicoversigioesartssses xi
LD O PRI - 5 50 % 0r o s g 5o 068 8% o » e 8B b ¥ vl s EwED xiv
I. GENERAL INTRODUCTION +:vvverinnennn. EADd- e B @ 1
II. DESIGN AND CONSTRUCTION OFI* A COg TEA LASER..
A. INEEGRC RN | > -5 oo s P @S s b e iae s hbs S .
B. RESORMMOT DBEEFN « s oo 0 v vnesvsvssssosonaneitn
Cs CIOIREREA. | G s ool > B g ac GREL oo c 6§56 e 568 6 0Bos 18
[lI. EFFECTS OF LATTICE DISORDER O}’ -'HE INTRINSIC
OPTICA™. DAMAGE FIELDS OF SOLIDS ¢ +vveeerrrnsn. 20
A. MEEGINCHIRE v oo ¢ S v ® 708 955 0 0BG B s e 0 0 b 0 d i 20
B. Effects of Lattice Disorder on the Intrinsic
Optical Damage Fields of Solids ««:cev.. b s 21
IV. DEPENDENCE OF LASER INDUCED BREAKDOWN
FIELD STRENGTH ON PULSE DURATION «.vvvvurnnn. 28
A. S 28
B. Dependence of Laser Induced Breakdown Field
Strength on Pulse Durationl? ................. 30
V. THE ROLE OF INCLUSIONS AND LINEAR A BSORPTION
IN LASER DAMAGE TO DIELECTRIC MIRRORS....... 38
A v e S T &% 5l 38
B. The Role of Inclusions and Linear Absorption
in Laser Damage to Dielectric Mirrors ........ 39
) 45 INtrOdWEEION . 55 5 « 66 oo 05 556 vsessssnee 40
2. Experimental Conditions .......cc000u... 41
2.1 Damage Apparatus «c.coveveeree.., 41
2.2 Damage Specimens .......oc0vuv... 41

viii




TABLE OF CONTENTS (CONT'D)

Inclusion Damage in Coatings

3.1 Damage at 20 psec

3.2 Damage at 1.4 nsec

3.3 Damage at 20 nsec

3.4 Interpretation of Threshold Damage ..
Double- pulse damage experiments

Conclusions

Y PR PR S . — -

Acknowledgments

RELATIONSHIP BETWEEN SELF-FOCUSING AND

OPTICAL DAMAGE
A. Introduction
B. The Measurement of Self-Focusing Parameters

et e

Using Intrinsic Optical Damage

INCLUSION DAMAGE IN ZnSe
A. Introduction
B. Laser Damage FFrom Inclusion Absorption

Introduction
Theory .....
Intrinsic damage statistics

Experimental measurements of inclusion

5. Conclusions
6. Acknowledgments

EFFECTS OF ATOMIC IMPURITY CONCENTRATION
ON INTRINSIC BREAKDOWN FIELDS

THEORY OF ELECTRON AVALANCHE BREAKDOWN ...

A. Introduction

B. Electron Avalanche Breakdown Generated by
Laser Radiation in Insulating Crystal

1. Introduction
2. Experimental studies of optical breakdown..




TABLE OF CONTENTS (CONT'D)

Page
3 The physical model ..........,..c..0v..... 97
4. The kinetic equation ...................... 101
5 Numerical results ....................... 112
6 Conclusions ......ooovvuviniivinnrnnnnsn. 127
REFERENCES -........0000.. TP o B FDU G D' P Bp 60 s U1 B B 129

APPENDIX A - Range of Validity of the Fokker-Planck Equation

APPENDIX B - Publications and Presentations on Visible and

Infrared Laser-Induced Damage to Transparent
Materials




Number

10
11
12

13

14

15

17

18

LIST OF IL!.USTRATIONS

Title

Rogowski Shaped Graphite Electrodes

Schematic of Electrical Design of the Laser
Lischarge (see Ref. 2)

Pictoral View of COy Laser with Dischage Circuit

Two Views of the Actual COy Laser Built for
this Program

Complete CO5 TEA Laser System
Multimode Resonator Configuration
Multimode Laser Output (200 ns/cm)
TEMO0 Resonator Configuration
TEMOO Mode Laser Output (200 ns/cm)

Logarithmic Plot of Intensity Distribution of TEM

Mode Laser Output v

Intensity Distribution of the TEMpq Mode Laser
Outputs Vertical Scale Arbitrary Units

TEMgg Single Longitudinal Mode Resonator
Configuration

Single-Frequency, TEMgqg Laser Output (40 ns/cm)

Schematic of Arrangement for Laser Damage Studies
with a CO9 TEA Laser

Stress Induced Fractures in Crystalline and in
Glassy BayMgGe,Oy

Intrinsic Breakdown Fields for KBr KCl, _, Alloys

The Functional Relationship Between the Optical
Breakdown Field Strength and the Pulse Duration

Laser Damage in a Dielectric Mirror Produced by a
Single 20 psec Duration Pulse Focused to a Spot Size
of 190 pm (FWHM) in Intensity Profile

Page

10

11
12
12
14
14

15

15

16

16
19

23

25
35

43




Number

19

LIST OF ILLUSTRATIONS (CONT'D)

Title

Laser Darnage in a Dielectric Mirror Produced
by a Single 1.4 nsec Duration Pulse Focused to a
Spot Size of 130 pm (FWHM in the Intensity profile)

Near-Threshold Damage in a Dielectric Mirror Pro-
duced by 23 nsec Duration Pulse Focused to a Spot
Size of 400 pm (FWHM in the intensity profile

Damage in a Dielectric Mirror Produced by Single
20 psec Pulses of Successively Higher Energy

Above-Threshold Damage in a Dielectric Mirror
Produced by a 23 nsec Duration Pulse Focused to
a Spot Size of 400 pm

Shutter for Generating Single Pulses of 1.4 nsec
Duration, or Pairs of 1.4 nsec Pulses Spaced by
a Reproducible Interval

Histogram of a Damage Experiment on a Zr02/5i02
Mirror

Record of Some Double-’ulse Experiments on the
Sample for Which Single-Pulse Data is Shown in
Fig. 26

Double-Pulse Damage Experiments on a ThF4/ZnS
Mirror

The Effect of the Index Nonlinearity on the Diameter
of the Focal Point

The Dependence of Damage Power for Sapphire on
Beam Focal Diameter

Approximate Focal Volume for a Gaussian Beam

Schematic Showing the Relationship Between Pp and
[g for Two Different Values of n

Intrinsic Laser Damage at 1.06 p in ZnSe

Ruby Laser Pulses Transmitted Through a NaCl
Sample




Number

33

37a

37b

38a

38b

39

40

41a

41b
42

LIST OF ILLUSTRATIONS (CONT'D)

Title

RMS Electric Fields Necessary to Damage Nine
Alkali Halides, Normalized to the Damaging Field
for NaCl

Collision Freq uency

Coefficients in the Fokker-Planck Equation for
Collision Frequency (1) with \ = 1.06 pm

Curves Similar to 353 for A = 1.0¢ pm

Distribution Function which Evolves from an Original
Maxwellian at 300°K and a Total Number Density of
108 per Unit Volume when Na(l is Irradiated by and
RMS Field of 15 MV/em with a 1.08 rm Wavelength

Quantized Contours of a Distribution Function Which
Evolving from an Initia] Maxwellian at 300°, When
NaCl is Irradiated by a 1.06 pm Laser with E = 15

Quantized Contours Evolving from a Uniform
Distribution Function, E = 10 MV/em, \ = 1.06 Lm

Currents in Energy Space Normalized to One Electron
for the same conditions as Fig. 37a

Currents in Energy Space Normalized for Conditions
in Fig. 37b

Ionization Rate from Theory and Experiments for
1.06 and 10.6 km Radiation

Coefficients in the Fokker-Planck Equation for \ =
1.06 um Including the Effects of the Deformation
Potential.

Quantized Contours of a Distribution Function Calcula-

ted Using the Coefficients of Fig. 40 with E = g MW/em

and X = 1.0 pm
Currents in Energy Space for the Problem in Fig. 41a

Ionization Rate From Experiment and Calculated by
Including the Deformation Potential

xiii

Page
96

106
107

109
113

114

115
117
118
120

122

124

125
126

e ————
R ——— ..



e S . - T SRR T IR

LIST OF TABLES

Number Title
I Measured Optical Damage Fields
I IT Experimental Breakdown Fields and Calculated

Self-Focusing Parameters in NaCl

II1 Damage Power In Sapphire for Different Beam
Sizes

v Absolute Breakdown Strength of NaC167




I. GENERAL INTRODUCTION

The basic objectives of this program was to analyze data obtained

from carefully controlled damage measurements at laser wavelengths
between 0.69 and 10.6 pm and at various laser pulse durations. Laser
damage thresholds of various materials of interest were determined

using techniques developed during the past year, and the results studied
to ascertain the mechanisms responsible for damage. Theoretical studies
of intrinsic laser damage from avalanche breakdown were conducted, and
a new technique was developed to measure self-focusing parameters by
inducing optical damage.

The effort was divided into six major areas: They were (1) design |
and assembly of a pulsed CO2 TEA laser for use in 10.6 pm damage meas-
urements, (2) a study of the effects of lattice disorder, polycrystallinity,
alloying, and atomic impurity doping on intrinsic damage fields, (3) meas-
urements of the dependence of intrinsic breakdown fields on laser pulse
duration, (4) bulk and thin film optical damage from inclusion absorption,

(5) the relationship between self-focusing and optical damage, and (6)

analytical studies of laser-induced electron avalanche breakdown.

A major effort in the present program was the design and construction
of a CO2 pulsed laser. By using Rogowski shaped electrodes and atmospheric
resonator pressures, it was possible to produce a uniform, large volume
discharge inside the resonator and to obtain approximately 0.8 joules of
multimode laser output with pulse durations of about 140 ns. With intra-
cavity aperturing the laser intensity distribution was restricted to a gaussian
mode having peak powers of about 1 MW. This power was more than suffi-

cient for optical damage studies.

Intrinsic optical damage was investigated in a cooperative effort in-
volving both the Raytheon Research Division and the Naval Research Labora-
tories. The work at Raytheon investigated the possible effects of selected material
parameters on intrinsic damage fields. It was found that intrinsic damage
is insensitive to atomic impurities and lattice disorder. Only the severe

lattice disorder that is found in a truly amorphous solid such as fused

quartz can increase intrinsic breakdown limits. Alloyed material have




intrinsic breakdown intensities intermediate between those of the pure

constituent. These results are shown to be consistent with an electron
avalanche damage mechanism.

Experiments at NRL, in collaboration with personnel from NRL
and Harvard University, probed the dependence of intrinsic breakdown

fields on laser pulse duration. The laser intensity necessary to induce

damage in NaCl was found to increase for pulse durations < 1 ns. This

dependence is shown to be consistent with dc dielectric breakdown meas-

urements on thin samples of NaCl. The agreement between laser and dc

results underscores the fundame.ital similarity between dc and laser-

induced electrical breakdown in insulators.

Studies of thin film damage from inclusion absorption were con-
ducted by the Air Force Cambridge Research Laboratories at AFCRL's
Optical Physics Laboratory, with Ravtheon personnel participating in the
analysis and interpretation of results. By using weakly focused ruby laser :
pulses of varying time duration and by carefully studying the residual
damage morphology, it was found that threshold damage resulted from in-
clusions whose diameters were related in a predictable manner to laser
pulse width.

Bulk damage from inclusion absorption was studied by using the
CO2 TEA laser to induce damage inside chemical vapor deposition grown
ZnSe polycrystals. Consistent with previously published measurements
of thin film damage, it was found that the damage intensity varied with
the degree of external focusing. A simple model of inclusion damage
was developed to explain this dependence and is used to infer an average
inclusion density from the damage data. It is shown that inclusion damage
can appear to be statistical in character because of the random placement
of inclusions inside the sample.

The known relationship between self-focusing and optical damage
at low laser input powers is used as the basis for a new technique to

measure self-focusing parameters. As an illustration of the use of the

technique, the self-focusing parameters for sapphire are determined.




Finally, classical model of avalanche breakdown is presented in

order to provide a semiquantitative framework for interpreting the in-
trinsic damage siudies.

This model, based on a Fokker-Planck equation
formalism, is an extension of earlier analysis at Raytheon,




II. DESIGN AND CONSTRUCTION OF A (‘02 TEA LASER

A. Introduction

| A major objective of the present program was the design and
construction of a (‘O2 transverse-excited-atmospheric (TEA) laser.
1 This work was divided into three phases:

1. selection of a gas discharge design ]

2. construction of an operating laser resonator

Y.

3. application of design refinements of the resonator optics
to produce TEMOO output with sufficient power and spectral

purity to perform optical damage measurements.

The three phases have been completed and the laser has been de-
] livered to the Air Force Cambridge Research Laboratories. A double
Rogowski electrode configur'za\tion1 was selected for our use. Using a
published electrical design2 with minor modifications, we were able to
achieve a stable, uniform discharge, and to produce approximately

0.2 joules of TEM00 mode output at 10.6 um. Single-longitudinal mode

r operation was also achieved by using an intracavity germanium etalon.

B. Resonator Design

High peak powers can be obtained with CO2 lasers by use of atmos-
pheric pressure and fast electric discharges.3 There are two reasons for
using transverse excitation at high pressures instead of a longitudinal dis-
charge. First, lower voltages are required to produce gas breakdown
] since the discharge path is reduced. In addition, the discharge impedance
is lower for transverse excitation so that energy can be rapidly injected
into the discharge volume. This second advantage is important because
it allows the laser to be excited in times short compared to the excited-

r state lifetime of the CO2 molecule, a lifetime equal to about 10 us at
atmospheric pressured As a result of this rapid excitation, the laser

can be Q-switched without using such intracavity devices as electro-optic

shutters or rotating mirrors.




- R

A number of schemes for transverse excitation have been discussed

in the literature. 1-3,5,6

Two of them, pin electrodes and Rogowski elec-
trodes with trigger wires, were compared in our laboratory. The latter
design was chosen because it offered the advantages of a large discharge

volume, comparative simplicity, and a relatively low level of radiated rf

noise.

The laser was constructed with two parallel, graphite electrodes
shaped to approximate a Rogowski profile. d Two thin (9-mil) tungsten
trigger wires running parallel to the electrodes and placed just outside
the lasing region (Fig. 1) provided preionization of the discharge volume1

with the main discharge occurring across the graphite electrodes.

Chang and Wood2 have published a simple electrical arrangement
for this type of laser, and we adopted their design with minor modifica-
tions. Figure 2 shows a schematic of this design with the circuii clement
values that we used in our system. To produce the discharge, capacitors
Cl and C2 were initially charged to about 30 kV. A short voltage spike
from a trigger transformer fired spark gap SG, causing current i1 to
flow. The spark gap was a commercial device (Tachisto) especially
modified for our use.8 Because of the spark gap inductance, il started
to oscillate and drive the trigger wires T and cathode K to negative
voltages. When the voltage at T began to drop below ground, an arc
discharge was produced between T and the resonator anode A. UV light
from this arc caused preionization in the gas volume between the laser
electrodes K and A and helped to initiate a large-volume uniform main
discharge. This discharge rapidly damped out the ringing current and
absorbed most of the energy stored in the circuit.2

The discharge characteristics were influenced by the gases flowing
in the resonator. We used approximately 800 torr of N2:C02:He mixed
in the ratio 3.2:3.2:10.5. This mixture produced both & uniform glow
discrlhrage and optimized laser output. No vacuum pump was used in this

system. 4 Instead, the gases are passed through an exhaust in the reson-

ator box at a total rate of about 33 liters/minute.




PBM'-73-700

41cm

/ Anode
T— Cathode

' Trigger wires

Fig. 1 Rogowski Shaped Graphite Electrodes. Each electrode was
polished to remove sharp edges. The trigger wires were
9 mil tungsten.
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The physical design of the resonator was also modeled after Ref. 2.
Figure 3 is a sketch of the resonator showing the placement of the charging
capacitors and spark gap and the design of the electrode mounts. A photo-
graph of the actual laser is reproduced in Figs. 4 and 5. Because of the
use of thick resonator walls, the laser could be operated with other gases

at well below atmospheric pressure.

Initial tests on this resonator (Fig. 6) produced about 0.7 joules of
multimode laser output at 10.6 pm with peak powers of about 0.6 mW for
an input electrical energy of 29 joules. By optimizing the mirrors (ger-
manium mirror 100 percent reflective at 10.6 pm, 10 meter radius, and
a germanium mirror 80 percent reflective at 10.6 pm, flat) we were able
to obtain 0.8 joules of multimode energy with a cavity spacing of 1.2 meters
and an input electrical energy of 26.5 joules. Firing at about 1 pps, the

pulse energy stability was about 5 percent. (Figure 7)

C. Optical Design of the Resonator

Performance requirements for the CO2 laser were determined by
its intended use as a light source for optical damage experiments. It was
essential for our purposes that the laser operate in a TEM00 mode and
that it achieve peak powers in excess of about 150 kW. It was desirable
that the laser output contain a single longitudinal mode or that it be made
completely time-resolved as in the work of Ya\blonovitch.9 particularly if the

11 with nanosecond or sub-

damage mechanism involves inclusion absorption
nanosecond thermal time constants. Spectral purity is less critical for elec-
tron avalanche breakdown10 as the effect of high-frequency mode beating tends

to average out.

A number of optical configurations can be used to produce TEM00
mode operation. The simplest is a stable resonator having mirrors with
radii of curvature larger than the resonator length and having an intra-

cavity aperture constraining the cavity Fresnel number.

Anothér resonator configuration we considered was an unstable

resonator with annular output coupling. L Initial tests, however, clearly




"INOJIG 25ueydSIq Yilm daser] €05 jo MaTA [e10301g £ 314




Fig. 4

PBN-73-873

Two Views of the Actual CO2 Laser Built for this Program.
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Fig. 7 Mullimode Lascr Output (200 ns/em)
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indicated that the first method, using a curved mirror and an aperture
in a stable resonator, would supply us with more thar. enough energy

for our experiments. The beam profile obtained with a stable resonator
was more conducive to damage work since the output intensity distribu-
tion of the TEM00 stable resonator was very easily handled analytically.
Since our earlier damage work had been conducted with Gaussian beams,
comparative analytical interpretations were clearer with the stable re-

sonator geometry.

A third resonator configuration considered was a stable resonator
with intracavity optics to enlarge the mode. 13 This technique was compli-

cated and unnecessary for our purposes.

Figure 8 shows the laser cavity with aperture installed. As the
aperture size was decreased, the pulse time-structure (as observed with
a GHz pyroelectric detector) was seen to improve to the point where the
laser output became simultaneously mode-locked (Fig. 9). This change
in time-structure was a good indicalion that the laser was operating TEM00
mode. The fact that the beam intensity distribution is gaussian was demon-
strated by sweeping a pinhole across the beam diameter while monitoring
the energy transmitted through the pinhole. A plot of the log of transmitted
energy versus the beam radius squared produced a straight line (Figs. 10
and 11). With an input of electrical energy of 26 joules, an output of
120 mJ of TEM00 mode laser light was obtained.

Even though longitudinal mode selection was not necessary for our
damage studies, some short experiments were conducted with this laser

to determine if longitudinal mecde selection could be easily accomplished.

With the laser operating TEM00 mode, longitudinal mode selection
was accomplished by using an intracavity germanium etalon aligned normal
to the cavity axisl4’ 1S(Figr. 12). This same technique had been used
previously to restrict the number of lasing modes in ruby and Nd:YAG
lasers. In a solid state laser an intracavity etalon can be formed by the
highly reflecting end mirror and the plane, antireflection-coated front

surface of the laser rod. 14 The high gain of the medium enhances the

13
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effective reflectivity of the rod face sufficiently to produce an effective
etalon with a finesse of about 5 and a free spectral range comparable to
that of the total resonator. In this manner, the number of longitudinal
modes in YAG and ruby lasers were restricted to four or less. In CO2
TEA lasers, an uncoated germanium flat positioned between the discharge
region and the output mirror produces similar spectral selection. 10
Figure 13 is a picture of the laser output obtained with the germanium
etalon in place. The photograph was made with a 500 MHz pyroelectric

detector /oscilloscope combination.

While the germanium etalon did produce single frequency output,
it also caused a loss in the laser output energy and output stability. The
loss in output stability was apparently mechanical in origin and could have
been solved by mounting the etalon in a more stable mount. In order to
improve the resonator stability, different materials with lower indices
of refraction and hence lower surface reflectivity were tested. NaCl did,
in fact, lead to greater laser stability, but the reflectivity from its sur-

faces was so low that single frequency operation could not be attained.

ZnSe, whose index of refraction lies between that of sodium chloride
and germanium, appeared to present a good compromise between spectral
selectivity and laser stability. We did not adequately pursue the use of
ZnSe, however, because the optical quality of the material available was
low. Significant pulse smoothing was nonetheless observed with the ZnSe
etalon. Experiments with SF6 and chlorotriiluororethylene gases were
not successful because these gases produced only selected line absorption
without an intracavity grating; their use merely forced the laser to change

its oscillation to a different vibrational-rotational line.

Pulsed CO2 lasers may operate on more than one rotational line.
Since the lines of the P branches of either rotational band are separated
by about 50 GHz, simultaneous lasing on more than onc rotational line
will produce ultrahigh frequency beating. Such fast time structure cannot
affect the results of optical damage measurements. For this reason, no

special attempt was made to restrict lasing to a single rotational branch.




D. Conclusion
==t i On

We have completed the design and construction of an operating CO2
TEA laser that more than meets the requirements needed to perform op-
tical damage experiments. Figure 14 shows the arrangement we used in
our experiments. The laser operated TEMOO mode with approximately

120 mJ of energy of which 60 mJ was contained in the main pulse and ap-
proximately 60 mJ in the tajl. A combination of a rotatable stack polarizer
(two germanium flats) for fine adjustment and two-inch square pieces of
calcium fluoride attenuators for coarse adjustments were used to control
the laser power incident on test sample. The output beam was focused

with antireflection coated germanium lenses having various focal lengths.

All energy measurements were made with a fast response Jen/Tec energy
meter. Pulse response was monitored with a 500 pic second pyroelectric

detector manufactured by Molectron (model P5E) and a Tektronix type
7904 oscilloscope.
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EFFECTS OF LATTICE DISORDER ON THE INTRINSIC
OPTICAL DAMAGE FIELDS OF SOLIDS

A, Introduction

Intrinsic damage fields have previously been determined only for
pure single crystals., Recent interest has developed, however, in dis-
ordered solids as possible new materials for high power laser optics.
Disordered solids, particularly polycrystals and alloys, are attractive
because of their superior physical properties. In addition, certain ma-
terials such as ZnSe are more easily produced in polycrystalline form
than as single crystals. There are, then, practical reasons for meas-
uring the intrinsic breakdown fields of disordered solids.

A more fundamental reason for such measurements concern the
nature of the intrinsic damage process. It has been demonstrated that
electron avalanche breakdown is responsible for intrinsic damage of

transparent solids. Since our previous work had established that ef-

fective electron collision times are on the order of 10'16 to 10_15 sec,

it appears that the hot electrons involved in the avalanche are changing
their moments rapidly by effectively colliding with every atom in their
paths. This fact implies that only severe lattice disorder should affect
the avalanche. It is argued in Sec. B, in fact, that the intrinsic damage
field does not change unless disorder exists on the scale of 10 atomic
units or less. If such severe disorder exists, it will be more difficult

to heat the electron population and hence the damage field will rise., A
measurement of the intrinsic damage in disordered materials, therefore,

is a test of our physical conception of electron avalanche breakdown.

We have measured the intrinsic optical damage fields of three
systems having different degrees of disorder - polycrystal KC1, single-
crystal KC1-KBr alloys, and glass solids. It was found that extreme
lattice disorder such as present in a highly amorphous material such
as fused quartz causes the damage field to increase whereas less severe
disorder does not measurably affect the breakdown strength. This result
is consistent with our predictions based on avalanche breakdown as being
the damage mechanism. It demonstrates, in addition, that the intrinsic
limits for light propagation in single crystals and polycrystals of the
same materials are identical.
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B.  Effects of Lattice Disorder on the Intrinsic Optical
Damage Fields of Solids

Measurements of the effects of lattice disorder on the intrinsic
laser-induced damage fields of transparent solids are reported., Ex-
treme lattice disorder such as present in a highly amorphous material
such as fused quartz causes the damage field to increase whereas less
severe disorder does not measurably affect the breakdown strength.

This is consistent with an electron avalanche intrinsic damage mechan-
ism.,

Studies of dc dielectric breakdown have shown that severe lattice
disorder can increase the electric strength of solids. 18 Since it has
recently been observed that intrinsic optical damage in transparent
solids appears to develop from the same mechanism that is responsible
for the dc dielectric breakdown, 9,10,17 severe lattice disorder should
also increase the optical damage fields of solids. »

Measurements are reported in this paper of optical bulk damage
in three systems having different degrees of disorder -- polycrystal KC1,
single-crystal KBr-KC1 alloys, and glassy solids. In each case the dam-
age field for the disordered system was compared to the optical strength
of the corresponding crystal. It was found that severe lattice disorder
such as present in the completely amorphous system (fused quartz) causes
the intrinsic optical damage fields to increase. This observation is con-
sistent with dc breakdown experiments16 and with simple models of elec-

tron avalanche breakdown. o

The laser system and the experimental techniques used here are
despribed in Ref. 10. A Q-switched, TEM00 Nd:YAG laser was used to
induce damage inside the bulk of various samples. Self-focusing was
avoided by restricting the laser input power, 510 and damage from in-
clusions was distinguished from intrinsic damage by examining both the

mor phology of the damage sitesg’ 1

and the temporal shape of light
pulses transmitted through the sample. 18 Only data obtained from in-
trinsic damage events were considered in the present work. The damage
field was defined as that value of on-axis, root-mean-square electric field

necessary to induce damage on a single shot with a probability of 0.5,10,20

&l




The damage field of the large-grain (20 um) polycrystal was the
same as that measured in the single crystal, and the damage fields for
the alloys were intermediate between the damage fields of the constituents.
In quartz, on the other hand, the disordered form was noticeably
stronger than the crystal, the ratio of damage intensities being 5 + 1.
This ratio is identical to the corresponding ratio of surface damage fields

measured in previous work.

Damage data were taken on a second amorphous-crystal pair,
BaZMgGeZO7 (BMGO). Several measurements had indicated that the
BMGO glass was distorted. An X-ray Laue pattern of the glass gave
no evidence of crystallinity. Similarly, the directions of the stress-
induced fractures that normally accompany optical damage10 (Fig. 15)
were random in the amorphous BMGO as expected for a glass, where-
as fracture in the crystal occurred along well-defined crystal directions.
Disorder on a local scale in BMGO glass was evident in the lumines-
cence studies of Munasinghe and Linz.21 When our sample was carefully
studied with electron reflection diffraction, a2 however, it was found that
regions (2 2000A) of crystal ordering existed. Within the volume ir-
radiated by the laser, therefore, the BMGO glass was not completely
amorphous. It was actually a mixed crystal-amorphous phase. For
the BMGO system, the damage fields of the glass and the crystal were
the same within experimental error.

Table I and Fig.16 summarize the measured optical damage fields.

It is to be expected that the large-grain polycrystal should have
the same damage field as the single crystal. The average grain
(20 pm) and the laser focal volume were comparable so that in the high
intensity region near the beam axis where breakdown is observed to initiate,
the sample looks like a single crystal.

By a simplified argument we can estimate the degree of disorder
necessary to affect the breakdown strength. Classical theories of aval-

anche br‘eakdown1 9pr‘edict that the dynamics of electrons with energies

22
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Fig. 16 Intrinsic Breakdown Fields for KBryKCl;_x Alloys.
The rms breakdown fields are normalized to the
breakdown field of NaCl = 2,2 X 106 volts/cm.
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greater than the longitudinal optical (LO) energy determine the charac-
teristics of the-avalanche. The LO energy in the alkali halides corres-
ponds to electron momenta, k, of about 0.1 times the reciprocal lattice
vector, G. Thus the important electrons have k 2 0.1G and their inter-
action with the lattice will be dominated by phonons having wave number
2 0.1G. Because such lattice vibrations have wavelengths equal to 10
lattice constants or less, this simple model suggests that the damage
field should not be affected by disorder unless the disorder appears on
the scale of about 10 lattice constants (~ 50A),2

Amorphous systems may be disordered on such a scale. Our
observation that fused quartz is more resistant to damage than crystalline
quartz is, therefore, consistent with the argument just presented. The
data on the BazMgGe207 system is also explained by this argument since
that system had regions within the focal volume which were locally ordered
on the scale of > > 10 lattice constants. Electron avalanche is apparently
initiated in these crystalline regions.

The breakdown fields for various single crystal alloys of KBr
and KCl are summarized in Fig. 16. It is seen that the damage strengths
of the alloys are intermediate between those of the constituents. There is
no evidence that alloying caused disorder sufficient to increase the break-
down strength of these materials, The variation of damage strength with
composition can be qualitatively understood by noting that many material
parameters such as bandgap, lattice constant, dielectric constant, and
phonon frequencies have values intermediate between those of the con-
stituents.23 19the
breakdown field depends on these various material parameters so that it
is reasonable to expect the breakdown strengths of the alloys to also be
intermediate between those of the constituents.

According to simple models of avalanche breakdown,

3 The larger breakdown field for the amorphous quartz can be understood
by another rhysically equivalent argument. As noted in Refs. 9 z_md 109,
the rate of energy input into the electron population decre.ase.s with .de-
creasing electron mobility u. In low fields u is smaller in highly dxs-. _
ordered systems than it is in crystals with the same cheml.cal composition.
If the effective mobility in disordered media is also lower in the ultra-
high fields characteristic of avalanche breakdown, then it should be more
difficult to heat the electron distribution in fused quartz, and, as ob-
served, fused quartz should be more damage resistant than crystalline
quartz.,
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It thus appears that extreme lattice disorder such as present in
highly amorphous systems has a measurable effect on intrinsic damage
fields. This results is qualitatively predicted by simple models of

electron avalanche breakdown.

The advice and assistance of D. Bua, R. Newberg, D.W. Howe,
C. Willingham and R.R. Monchamp are gratefully acknowledged. A. Linz
generously provided several of our samples and J. VanderSande conducted

the electron reflection diffraction studies.
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Iv. DEPENDENCE OF LASER INDUCED BREAKDOWN FIELD
STRENGTH ON PULSE DURA TION

A, Introduction

Intrinsic damage fields from avalanche breakdowns have been deter-
mined for a number of materials using Q-switched laser pulses. 9,10, 3 It
was found that the damage fields are nearly independent of pulse duration
tp when tp > 5 ns. When high frequency (> GHz) mode beating occurs,
however, the resulting time structure is averaged out by the damage
process, 10 thus suggesting that characteristic development times of the
electron avalanche are on the order of 10"9 sec.

Measurements of avalanche breakdown with subnanosecond laser
pulses have not been made prior to the present work. Since laser break-
down and dc dielectric breakdown appear to result from the same funda-
mental process, data at dc can, in principal, be used to estimate the pulse

duration depen_dence to the laser induced avalanche. Yablonovitch and

Bloembergenza have, in fact, made such estimates based on measured
values of dc breakdown for thin samples of NaCl. Their estimates, how-
ever, were based on uncertain limits of an effective, high-field electron
drift velocity and ignored important experimental uncertainties such as
space charge development which can influence dc breakdown fields but

not laser breakdown fields.

There is no reliable data in the literature, therefore, on the laser
pulse width dependence of intrinsic optical damage. Such data is useful
to our understanding of avalanche breakdown because it provides infor-
mation on the time development of the electron avalanche. Such data also
has practical importance in that it establishes measured upper limits for
the propagation of mode locked laser pulses in solids.

We have measured the intrinsic breakdown strength of NaCl at
1.06 pm using four pulse durations between 10.3 ns and 15 ps. It was

found that the intrinsic breakdown field increases by a factor of about

28
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6 to over 10’7 V/cm as the pulse duration is changed by about three

orders of magnitude. Krom these measured damage fields, an ioni-
zation rate for the electron avalanche can be inferred and compared

to the predictions of Yablonovitch and Bloembergen.




B. DEPENDENCE OF LASER INDUCED BREAKDOWN FIELD
STRENGTH ON PULSE DURA TION i
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J. P, Letellier'Jr
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Abstract

Field strengths at which optical damage is initiated in NaCl have
been measured with a mode-locked Nd:YAG laser with pulse durations of
15 and 300 picoseconds. Comparison with previously reported data with
a Q-switched laser shows that the field strength required for intrinsic
optical damage increases by almost one order of magnitude from 106 v/em
at 1078 sec to over 107 v/em at 1.5 x 107! gec. This is in qualitative
agreement with published estimates based on the electron avalanche break-
down mechanism.
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Damage produced by laser beams of high intensity in transparent
materials has been studied intensively for many years. It is only re-
cently, however, that the effects of absorbing inclusions and self-focusing
have been carefully eliminated, and the intrinsic breakdown mechanism
in transparent condensed dielectric media has been positively identified
as electron avalanche ionization. 9-10,18,20 On the busis of this mechan-
ism and known characteristics of dec breakdown by avalanche ionization,
Yablonovitch and Bloember*gen25 predicted a characteristic dependence
of breakdown field strength on laser pulse duration. In this note an experi-
mental determination of this dependence in the subnanosecond regime is

presented, which turns out to be in general agreement with those predictions.

The measurements were performed by focusing mode-locked YAG:
Nd laser pulses having durations of 15 and 300 picoseconds inside a single
crystal of NaCl. Because the experimental procedures used in the present
work were identical to those used in recent studies with a Q-switched YAG:
Nd laser,lothe subnanosecond measurements can be directly compared to
the results of these studies. It is found that the intrinsic breakdown field
increased by almost an order of magnitude to over 107 volts/ cm as the laser
pulsewidth was decreased from 10 nanoseconds to 15 picoseconds. Previous
data with pulse widths typical of Q-switched lasers had demonstrated that
the dependence on pulse width in the nanosecond regime is small so that rela-
tively little information on the time dependence of the avalanche process was
available. * Our results demonstrate again that lasers can be used to measure
properties of dielectric breakdown which are difficult to obtain by dc tech-

26-28
niques.

A pulsewidth dependence to optical damage in thin films was first observed
by E.S. Bliss and D. Milam, 4th ASTM Symp. on Damage in Laser Materials,
NBS Spec. Pub. 372, 108 (1972).

The mechanism of damage was not identified, however. Since it is known
that thin films can have a large residual absorption and significant structural
defects and that both effects can change the damage characteristics of sur-
faces, it is not clear that the change in damage fields which were observed

by Bliss and Milam reflect a property of an intrinsic bulk damage mechanism.

:
|
'
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The laser used for the present work was a passively mode-locked
YAG:Nd laser operating in a TEM00 mode at 1,06 um. Without intercavity
etalons, this oscillator produced bandwidth-limited light pulses of 15 pico-
f£econd duratijon, By replacing the output mirror with a Sapphire etalon, the
pulsewidth was lengthened to about 300 picoseconds. Two-phonon fluores-

duration. A laser-triggered spark gap29 was used to select a single light
pulse which, after attenuation, was focused through a 14-mm focal length
lens about 2 mm into the Sample. Care was taken to insure that spherical
aberrations from both the lens and the plane entrance surface of the sample
being tested were unimportant. Anp énergy monitor recorded the energy in
each laser pulse,

The intrinsic damage process is statistical in nature18'2o because
of the fluctuations in the formation of the first few hot electrons in the
small focal volume (about 107 cm3). The damage threshold can be de-

inside the crystal. At least 20 data points were taken at each pulse dura-

Beam djstortion from self-focusing was avoided by confining the laser
input powers to well below the calculated critical powers for catastrophic
self-focusing, % 0 (See Table 1), To verify the absence of self-focusing,
two different lenses (focal lengths of 14 and 25 mm) were used to focus the
laser radiation, As expected from diffraction effects alone, the input

work because of the small volumes of the damaged sites and the short dura-

tions of the laser pulses. But because breakdown js virtually threshold-
like in NaCl, other tests were possible. It was observed that the damage

32
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field was well defined and did not change as different regions of the
sample were probed and lenses with different focal lengths were used

to focus the radiation, Also, only one spark occurred with each dam-
aging laser pulse, and the spark always appeared to form at the geom-
etrical focal plane. These observations contrasted with those obtained
under conditions where inclusion damage was seen.30 It was therefore
concluded that except possibly for occasional damage sites, inclusion
damage was absent in highly pure NaCl under the conditions of our mea-

: . . 10 .
surement as it had been in previous work where Q-switched lasers were
used,

Table IT summarizes the results of the present measurements and
those of Ref. 10. An increase in breakdown strength was observed as the
duration of the laser pulse was decreased. As the pulse duration was
changed from 10.3 ns to 15 ps, there was a total change by a factor of
5.8 in damage field strengths or a factor of 33 in damage intensity. The

experimental points are plotted in Fig. 17,together with some semi-empirical
predicted curves taken from Ref, 235,

In the subnanosecond regime electron diffusion and self-trapping
may be ignored., The density of the conduction electrons in the avalanche
changes exponentially with time,

NG) = N, expfj a(E)dt] = NoM_(t). (1)

When the electron density exceeds about 1018 ¢m , requiring a multipli-
cation factor of roughly Mc ~108, breakdown is said to occur. According
to Eq. (1) the ionization rate o(E)rmS is related to the pulse duration as
follows:

_ .1 % -1
o (Erms)— tp fn MC 18 tp 3 (2)

This relation has been used to convert the quantity o(E) used along the
vertical axis in the figure of Ref. 25 to our figure which uses tp-l. We have
shifted the curves along the horizontal axis to obtain agreement with the

experimental values for the breakdown field Erms for the long pulses. It
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should be noted that the de breakdown fields quoted in Refs. 26-28, on

which the curves in Ref. 25 were based, are about a factor 2.3 lower

than our laser values for Erms" There are reasons to suspect that this
factor is due to systematic errors in the de experiment. First, this
factor of 2.3 is nearly the same tor all nine alkali halides studied at

10.6 um9 and 1.06 um, 10 and second, dc field values are average values

without regard for field inhomogeneities from space charge effects which
can be important in dc experinents, 31,32 Consistent with the approach
of Ref. 9 and 10, it ig therefore more meaningful to compare trends in

breakdown fields as different materials are investigated or as parameters

are varied than to compare the absolute values of breakdown fields.

It is seen that the experimental points fall close to the upper curve
of Ref. 25, which was derived on the assumption that the mobility in the

hot electron gas is independent of Er Quantitative agreement should

not be emphasized, however, becausén?he analysis is based on assumptions
which are questionable over the range of damage fields considered. As
mentioned before, space charge and electrode effect may considerably al-
ter the interpretation of the dc r'esults19 and consequently to transition
from Edc to Erms along the horizontal axis. Furthermore the breakdown
field at the shortest pulse durations becomes so high that it is possible
that frequency-dependent tunneling (or multiphoton ionization) takes over
as an intrinsic damage mechanism. In Ref. 25 it was estimated that this
change over would occur for fields higher thaa 2 X 107 V/cm or pulse
durations shorter than one picosecond. If this estimate js inaccurate and
this other intrinsic breakdown mechanism begins to compete with avalanche
ionization, the trend would be to push the experimental points upward and
to the left of the prediction curves based on the avalanche effect alone.

In summary, intrinsic laser -induced damage has been shown to be
a time-dependent process. As the laser pulsewidth was decreased to 15 ps,
the damage field in NaCl increased to over 107 V/em. From the pulsewidth

* Prof. Y.R. Shen has suggested (private communication) that local field ef-
fects may be important in an electron avalanche and may explain the differ-
ngths between dc and optical frequencies. The
damage fields reported in the literature, however, are not corrected for
local fields because it is normally assumed that any local field effects are
averaged out by the electron's rapid movement across the unit cell. The
validity of this latter assumption has not been established.
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dependence of the optical damage field, a field-dependent ionization rate
was determined and found to agree at least qualitatively with experiments
using dc fields. The agreement underscores the basic similarity between
intrinsic laser-induced damage at 1.06 um and dc dielectric breakdown
and adds further support to the existence of avalanche ionizaiion in self-

focusing " filaments' , where effects also occur of a picosecond time
scale.

We wish to thank M. Bass, L. Holway, E. Yablonovitch and J. M.
McMahon for numerous helpful discussions. M. Bass and J. M. McMahon

were particularly helpful in establishing arrangements for this work.




V. THE ROLE OF INCLUSIONS AND LINEAR ABSORPTION IN LASER

DAMAGE TO DIELECTRIC MIRRORS

A, Introduction

Recent optical damage studies have established intrinsic limits for
9,10, 30

licht propagation inside transparent solids. The relationship

between surface and bulk damage fields has been determined in previous work
by direct comparison of measured intrinsic surface and bulk damage fields24
and by theoretical analysis.33 Surface finishing techniques now exist which
for selected materials and highly focused laser light, produce effectively
imperfection-free surfaces whose damage fields are identical to those of

()
the bglk. 2%

Our understanding of damage to optical coatings, on the other hand,
is not nearlv as advanced as our understandings of surface and bulk damage.
The reason ior this difference is that material imperfections such as
structural defedts, inclusions, and residual absorption have not been
sufficiently characterized in dielectric coatings nor have they, in fact,

been sufficiently controlled in the manufacturing process.

The present work helps clarify the role of material imperfections
in dielectric coating damage. By studying the residual damage morphology
and the pulse duration dependence of the damage intensity it is shown that
damage thresholds for weakly focused laser lights are determined by highly
absorbing inclusions and that there is a large range of inclusion sizes pre-
sent in the coatings. It is further established that residual absorption in
coatings produced from transparent bulk material does not contribute to

optical damage.
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The Role of Inclusions and Linear Absorption

in Laser Damage to Dielectric Mirrors
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By studying the morphology of threshold damage and observing
the predicted ' pulse duration-inclusion size'" relationship we have found
that laser damage to dielectric coatings is primarily determined by the
presence of metallic or highly absorbing nonmetallic inclusions. It is
also shown that linear absorption does not determine the damage resist-

ance of coatings when they are properly prepared from materials which
do not show bulk absorption.
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Linear absorption.
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1. Introduction

By studying the morphology of damage produced at threshold

1,34 te ) . . . 2 "
pulse luration-inclusion size

and ohserving the predictedl

relationship we have found that laser damage to dielectric coatings is
primarily determined by the presence of metallic or highly absorbing
non-metallic inclusions. Specifically, inclusions less than ~ 0.4 um
in diameter are most easily damaged by single 20 psec duration ruby
laser pulses while inclusions with diameters greater than~ 3.5 um

determine damage resistance due to 20 nsec pulses. This suggests

that coating damage resistance to Q-switched pulses can be improved

by eliminating the larger inclusions.

To study linear absorption in films, experiments were performed
in which the mirror sample was irradiated by a pair of pulses separated
by an interval of several nanoseconds. Significant linear absorption
would be indicated if neither pulse alone could produce damage, but
damage occurred when both pulses were used. These experiments
showed that linear absorption in films does not determine the damage
resistance of coatings when they are properly prepared from materials

which do not show bhulk absorption.




Lxperimental Conditions

2.1 Damage Apparatus

Experiments have been performed at a wavelength of 0.69 um
using Gaussian-mode pulses with durations between 20 psec and 20 nsec.
The picosecond pulses were selected from a mode-locked pulse train,
while the longer pulses were generated in a dye-Q-switched oscillator.
For both systems, the temporal profile, pulse energy, and a magnified
image of the laser spot incident on the damage specimen are recorded

for cach firing. Details of the two systems are reported elsewhere. #5098

The Q-switched system has recently been modified by the installa-
tion of an electro-optic pulse shaper between the oscillator and the amplifier,
'his has allowed generation of strictly bandw. 'th-limited pulses 1.4 nsec
in duration 37 , and pairs of pulses separated by a predetermined and re-
producibl2 interval. All damage experiments with shutter-shaped pulses

BE | o
were monitored in the same fashion as has been described elsewhere. 35, 36

2.2 Damage Specimens

With a single exception noted in the next paragraph, all damage speci-
mens were electron-gun deposited, quarter-wave stacks of either Ti02/ SiO2
or Zr02/ SiO2 on fused silica substrates, The reflectivity of each of the mir-
rors exceeded 90 percent at 0.69 um. A large number of samples from sev-
eral manufacturers were examined; the data presented is generally true for

all specimens,

A single set of experiments was performed on a ThF4/ ZnS reflector,

This exception will be noted in the text.

3. Inclusion Damage in Coatings

3.1 Damage at 20 psec

1

Characteristic ''near-threshold" damage induced by a 20 psec pulse35' 38

focused to a spot 190 um in diameter (FWHM of the intensity distribution)
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15 exhibited in the Scanning electron riicrograph (SEM) of Figure 138, )
The large ridges in the photo on the left are imperfections in the gold
coating applied to permit scanning electron microscopy, and are not
properties of the dielectric coatings or the laser damage., The laser
damage is the array of small craters in the center of this photograph,
which corresponds to the central part of the irradiated region. The
fact that damage is not produced in the weakly irradiated outer regions
1s consistent with the assignment of damage threshold to this level of
irradiation (3,5 J/ cm2 in 20 psec, or 1.7 x 1011 watts/cmz).

A magnified view of several of the small craters is shown in
the photo on the right. Craters are randomly located in the plane of
the coating, but restricted primarily to the top two layers of the stack.
There are between 2 and 10 x 106 such craters per cm2.

Since the size at the top of the craters may be characteristic
of explosive rupture of the material, a more meaningful measure of
the size of the damage site can be obtained at the bottom of the crater,
The mean site diameter obtained using this criterion is 0.2 ym. In no

case with a single 20 psec pulse has a site with diameter greater than
0.5 um been observed,

It should be emphasized that the damage described in this sec-
tion is caused by a single 20 Psec pulse and is not necessarily character-
istic of damage produced by a train of several such pulses. The dis-
tinction between these two cases will be discussed in Section 4,

3.2 Damage at 1.4 nsec

The SEM in Figure 19 illustrates threshold damage caused by
a laser pulse 1.4 nsec in duration focused to a diameter of 130 um at
the mirror sample surface. The energy density was 14 J/ cm2. Again

we see that the damage is an array of randomly located smal] craters,

- Damage sites shown in SEM's used as illustrations in this report are
distorted since the specimen is viewed at an angle of 45°. True dj-
mensions are ohtained by measurements on a diagonal aligned on the
long axis of the ellipse.
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onlv now the mean cratcr diameter is 1.5 um. The density of these
6

craters, 107 per cm » is less than the density of damage sites pro-

duced by picosecond pulses. These craters often extend further into

the coating than the first one or two layers,

Smaller craters, such as those resulting from irradiation with

picosecond pulses, were never produced by these longer laser pulses.

3.3 Damage at 20 nsec

The SEM inFigure 20illustrates threshold damage caused by a laser
pulse 23 nsec in duration focused to a diameter of 400 um at the sample sur-
face. The energy density was 16 .J/ cm2. The mean site diameter was
4.5 um and the site density was 104 per cm2. In order to measure so low
a =ite density, it was necessary to irradiate a larger area of the sample,

Craters produced by 20nsec pulses frequently extend into several layers
of the coating.

3.4 Interpretation of Threshold Damage

It has been shown that small impurity inclusions, opaque at the
laser frequency and in good thermal contact with the surrounding medium
can be heated by a laser pulse to temperatures in excess of the melting
point of the medium. 1 The material near such inclusions can undergo
a phase change and so laser damage results. When damage due to the pres-
ence of inclusions occurs, the residual morphology is characterized by an
array of many damage sites randomly located within the irradiated volume. % 10, 39
A similar morphology would be expected if the damage were due to any other

type of localized material or physical defect;.40

A morphology characterized by randomly located sites is
precisely that of the threshold coating damages shown in Figures 18, 19,

and 20.We conclude therefore that localized defects are the principal

cause of laser damage to these optical coatings,
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Near-Threshold Damage in a Dielectric Mirror Produced

Fig. 20

by 23 nsec Duration Pulse Focused to a Spot Size of 400 pm

(FWHM in the intensity profile).




A hint that the defects are impurity inclusions is obtained
from the size of the sites damaged by laser pulses of different dura-
tions. By considering both the heating and cooling of spherical, metallic
inclusions in laser glasses, Hopper and Uhlmann 4 and Bliss o have
shown that for a particular laser pulse duration a particular size of in-
clusions will be most easily heated to damaging temperatures. E
These studies show that short pulses can more easily damage small in-
clusions than long pulses and vice versa. From Eq. 4 in Ref. 11 for the
1r 2Insion temperature as a function of the radius, Ri' one can easily show
that to a first approximation the inclusion whnich is most readily heated by
a laser pulse of duration -rp, has radius proportional to ('rp)l/ 2. Thus,
for the three pulse durations used in this work we would expect the damaged

inclusions to have radii in the ratios

Ri(23 nsec): Ri(1.4 nsec): Ri(ZO psec) = 34:8.3:1

Note that for a particular pulse duration a range of sizes of ''easily dam-
aged inclusions' can be expected because the relationship between the tem-
perature reached and the inclusion size is not a very sharply peaked func-
tion. = In addition, if the level of irradiation is even slightly above the
absolute minimum required for damage then several different sizes of in-

clusions can be heated to damaging temperatures.

Because there is this range of site sizes in each case, the ratios

of the mean site diameters,

Ei(ZS nsec): Ri(1.4 nsec): Ri(ZO psec) = 22:7.5:1

are to be compared with the expected ratios. These sets of ratios are
in acceptable agreement in view of the difficulty in finding the exact size

of the inclusions which produced the damage sites.

Hopper and Uhlmann have also shown that for non-metallic in-

* The treatments in Refs. 11 and 34 require that the inclusion be completely
embedded in the surrounding material. The morphology of the damage in-
dicates that this condition is satisfied for almost all of the inclusions which

contribute to coating damages.
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size'' relationship as above. 2 However, if the absorptivity of the
inclusion is very high (i.e. 1/a < Ri where o is the absorption coeffi-
cient in cm-1 at the laser wavelength) the same model as used for metallic
inclusions can be applied. Thus, the observed damage morphology and

" pulse duration-inclusion size' relationship suggest that the damaging de-
fects are either metaliic or very highly absorbing non-metallic included

impurities.

Inclusions of either type may arise from impurities in the starting
material, incomplete oxidation of the high index material (particularly in
the case of TiOz), introduction of material from the electron gun,
dust, or general deposition of dirt from the chamber. All of these indicate
the possibility of improving the damage resistance of optical coatings by
improving the coating process control. Note that long pulse damage re-
sistance can be increased simply by eliminating the large inclusions.

Non-metallic absorbing inclusions are likely to be more strongly
absorptive at shorter wavelengths and in the infrared than they might be
near | um. Thus, their importance in damage problems will grow as the

need for high peak power devices in these spectral regions increases.

3.5 Above-Thresheld Damage

The morphology of damage sites produced by irradiation at levels
significantly above threshold is consistent with the conclusion that damage
is caused by metallic or highly absorbing inclusions. In Figure 21 there are
four SEM's of damage produced by single 20 psec pulses of successively
higher energy. These photographs are highly suggestive that damage for
above-threshold irradiation is the result of the compounding of damage at
many independent sites. Ahove-threshold damage with single 1.4 nsec pulses

appears to follow the same pattern.

A possible exception to the observation that massive damage is
a compounding of damage at many small inclusions occurs with the 20 nsec

duration pulses. Above-threshold damage sites at this pulse duration fre-

quently consist of a smooth area, one or two layers deep which is similar
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in size and shape to the incident iaser beam (see Figure 22). A number

of inclusion damage craters may occur either within or outside the edges
of the large site. Since the inclusion craters are seldom centered on the
larger area, it is not clear that the larger area results from massive in-
clusion damage. In addition, the material surrounding these sites is not

strewn with small inclusion damages as in Figure 21,

The appearance of these large damage sites suggest that other dam-
age inieractions might take place with 20 nsec pulses. Numerous mechanisms
involving combinations of inclusion damage and/ or intrinsic processes can
be invoked to account for the correlation between the shape of the laser
heam and that of the larger sites. One possibility is that the outer layers
are simply heated to a damaging temperature due to irradiation of the great
number of small absorbing inclusions present. Linear absorption by the
coating materials will also contribute to a damage morphology similar to
the laser beam cross-section. This is explored in detail in the double-pulse
experiments described below.

It is to be emphasized that observations concerning the potential
importance of other mechanisms for 20 nsec irradiation in excess of threshold
in no way effects the conclusion that threshold at this pulse duration is de-

termined by large inclusions.

4., Double-Pulse Damage Experiments

If a damaging quantity of energy, H,is absorbed from a single
1.4 nsec pulse of energy,E, the same energy,H,can be supplied by two

pulses each of energy Ep(E/ 2< Ep < E) provided that the interpulse

interval is shorter than the cooling time of the absorbing volume. Addi-
tion of the two pulses to produce damage can occur in a uniformly absorb-
ing film or at inclusions too large to be effectively heated by single 1,4 nsec
pulses. This would not occur at small inclusions which could cool during
the interpulse interval, or if damage is due to a fast response mechanism

such as an electron avalanche breakdown.
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Above-Threshold Damage in a Dielectric Mirror Produced by a

23 nsec Duration Pulse Focused to a Spot Size of 400um. Five
small inclusion craters are located within the damaged area which
is itself two layers deep. The area has a shape like that of the
incident laser beam, and is not centered on the obvious inclusion
damage.
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As noted in Section 2.1, pairs of optical pulses are readily
generated by the pulse-shaping shutter. The Pockels cell in this shut-
ter is constructed as an electrical transmission line element, The
driving voltage pulse Propagates through the Pockels cell into a cable
terminated by an impedance-matched load. Removing the load results
in a reflection of the voltage pulse, which in turn opens the shutter a

second time. Single-and double-pulse operation of the shutter are both
illustrated in Figure 23.

During the experiment, a mirror was probed by single 1. 4 nsec
piulses at a number of sites to determine the energy Et’ required to pro-
ducc damage with single pulses. A given site was irradiated only once
duriag this Sequence. Additional sites were irradiated with a series of
several siagle subthreshold pulses at intervals greater than one minute,
A= 4 general rule, even several Pulses with intensities less than that re-
quired for single pulse damage produced none. This implies that perma-
nent damage, undetectable by optical microscopy, did not occur with single
subthreshold pulses, Subsequent observations of damage due to the addi-
tion of two closely spaced pulses could therefore be of thermal origin.

A record of an experiment performed in this fashion is shown in
Figure 24. An approximate threshold for damage by single pulses is indi-
cated by the horizontal dashed line, and a lack of cumulative undetected
damage by sequences of near-threshold shots which were fired on a given
site withcut causing damage.

A record of some of the double-pulses experiments performed on
the same mirror is shown in Figure 25, The total energy (2Ep) of each pair
of pulses satisfies the requirement 2Et > 2Ep > Et’ so that damage was
possible only if summation occurred. In several cases, damage did indeed
occur. Damage sites produced by addition on this mirror were character-
istic of damage due to large inclusions. Such inclusions would not be ex-
pected to damage upon irradiation by single 1.4 nsec pulses. This ob-
servation, coupled with the failure of addition at many sites is taken as
evidence that there is no severe linear absorption present in this mirror
beyond that presented by the localized inclusions.

22
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The observation that large inclusions can be damaged due to
¢ 1mulative heating by successive pulses can be generalized to explain
dzamage by a train of mode-lockec. rulses. If the intensity of each of
th pulses is such that singly they cannot produce damage, damage to
large inclusions can still be the principal failure mechanism. This
mav explain the difference between the damage threshold found for

1 watts / cmz, and the intensity limits of

9

single 20 psec pulses, ~ 101
mode-locked oscillators set by coating damage, ~ 1-4 X 10 watts/ cm2.

It was a general observation that there was no consistent pattern
of pulse-pair addition indicative of material absorption in the mirrors

used in this study.

In order to ascertain that the double-pulse experiment does in-
Jdecd detect absorption, we have used the technique to study a ThF4/ ZnS
reflector which is known to be linearly absorptive at A = 0.69 um.
Tvpical double-pulse data for this mirror is shown in Figure 26, where
the single-pulse damage threshold is again represented by the dashed
line. For this reflector, the expected consistent addition of pulses is

seen to occur.

These results indicate that if the coating materials are non-
absorbing than a2 combination of linear absorption and/ or absorption by
small inclusions cannot be invoked to explain results such as those shown
in Figure 22. It is possible therefore that this type of damage was caused
by an intrinsic process. To study this possibility, experiments in which
a spot size sufficiently small such that the irradiated area of the coating
is not likely to contain inclusions which are easily damaged by the pulses

used are in progress.
5. Conclusions

The principal conclusions of this work are:

n6
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1. The practical damage threshold for optical coatings at
0.6 um is determined by the presence of absorbing impurity inclu-

Stons,

2. The predicted "pulse duration-inclusion size" relationship
for metallic or highly absorbing non-metallic inclusions was observed.

3. Very small (< 0.3 um) inclusions are the limiting factor
in coating damage resistance to single 20 psec ruby laser pulses.

4. Larger inclusions ( > 4 um) are responsible for threshold
coating damage when long duration pulses (= 20 nsec) or trains of mode-
locked pulses are used. Damage resistance to such irradiation would be
improved if only this class of larger inclusions could be eliminated. In-
«lusions of these sizes are appropriate to laser radiation in the visible or
near infrared. For other wavelengths the limiting inclusion sizes must
be scaled according to the wavelength.

5. Linear absorption in films does not determine the damage
resistance of coatings when they are properly prepared from materials

which do not show bulk absorption.
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VI. RELATIONSHIP BETWEEN SELF -FOCUSING AND OPTICAL
DAMAGE

A. Introduction

A number of researchers have analyzed the self-focusing effect
by using a paraxial ray formula. This approach has been found to be
inadequate in the ultra-high-power regime where small-scale beam
distortions can lead to effects that are absent at lower laser powers.
However, the paraxial ray model has been useful in describing both
incipient self-focusing at moderate laser powers and the competition
between self-focusing and diffraction at low laser powers near the

critical power Pcr for catastrophic beam collapse.

The relationship between self-focusing and optical damage is
discussed in this section within the framework of a paraxial ray model.
Because of the low laser powers considered (P < Pcr)' the paraxial
ray model appears to provide an adequate description of beam propaga-
tion. The analysis summarizes the effects of the index nenlinearity on
a focused, low-power laser beam and shows how this effect can be used
to measure self-focusing parameters. As an illustration of the appli-

cation of this measurement technique, the self-focusing parameters for

sapphire are determined.




B. THE MEASUREMENT OF SELF -FOCUSING PARAMETERS

USING INTRINSIC OPTICAL DAMAGE "

David W, Fx'adinT
Division of Engineering and Applied Physics
Harvard University
Cambridge, Mass. 02138

Abstract

A new method for measuring the self-focusing parameters of
transparent materials is reported. The technique consists of using
lenses with different focal lengths to induce intrinsic bulk damage at
low powers where catastrophic self-focusing is absent and then com-
paring the results to analytical calculations. Using this technique, the

self-focusing parameters for sapphire are determined.
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vanced Research Projects Agency of the Dept. of Defense monitored
by the Air Force Cambridge Research Labs. under Contract No.

[F19628-70-C-0223.
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{ It has been observed that a third-order optical nonlinearity can
lead to catastrophic self-focusing of light.42 This nonlinearity causes
the index of refraction to increase by an amount n2(Erms)2 in the presence
of an optical electric field, Values of n, for various materials can be
determined from measurements of induced birefringence, e by studies
of the movement44 or positions45 of optical damage tracks in crystals,
or by observing the changes in the intensity distribution of a transmitted
laser beam as the input power is increased. 46 The electric contribution

to n, can also be inferred from measurements of optical third ha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>